 1  6 
Franklin was used in this study. Seeds for each genotype were obtained from the University 1 1 3 of Tasmania. Franklin is an Australian two-rowed malting quality variety, and Yerong is an Evaluation of seedling resistance to scald 1 1 8
Four different R. commune isolates, WAI2466, WAI2470, WAI2471 and WAI2473, were 1 1 9 used in the seedling resistance screening in the glasshouse experiments (Table 1 ). All four 1 2 0 isolates were collected from southern New South Wales and are held in the Wagga Wagga Agricultural Institute fungal isolate collection (Table 1) . Inoculum preparation and 1 2 2 inoculations were as outlined for the differential screening. Spores were diluted to 1×10 6 1 2 3 spores ml -1 in distilled water using a haemocytometer. Each of the four isolates was tested in 1 2 4 a separate experiment. For each experiment, the 177 DH lines as well as the parental varieties 1 2 5
Franklin and Yerong and an additional 21 check varieties (for a total of 200 genotypes) were 1 2 6 sown in 6-cm pots arrayed in a 24 column by 25 row randomized complete block design with 1 2 7 three replicates of each genotype for a total of 600 pots. Each variety by isolate combination 1 2 8 was tested with three different experiments with three technical replicates per experiment. Seedlings were scored 14 days post-inoculation with a scoring system from 1 to 4 (1 = 1 3 0 resistant and 4 = very susceptible) following the methods of Wallwork and Grcic 7 . May with a randomised complete block design with two replicates for each genotype. Each harvest. Overhead irrigation was used regularly to supplement rainfall throughout the 1 3 8 growing season to enhance the development of disease. Experiments were subject to a strict 1 3 9 weed control and crop nutrition regime to maximize yield potential. Assessment of disease 1 4 0 was based on leaf symptoms using the percentage of infected leaf area 6 . Relative maturity at to analyse the data for the differential variety screening experiments as follows (Model 1): the residual level between the two traits. In all models, the significance of fixed effects was 1 7 0 assessed using the techniques of Kenward and Roger 29 and the significance of random 1 7 1 effects other than 'replicate' was determined using log-likelihood ratio tests 30 . The linear relationship between scald resistance and relative maturity was determined from 1 7 3 the trait:genotype covariance modelling after the general approach of Van Beuningen and 1 7 4
Kohli 31 and the paired case-control study example detailed in Butler, et al. 26 as follows:
where the slope of the regression is calculated as: The DRSRRM values for each individual field experiment were used as the phenotype to used to identify QTL.
The primer sequences of markers associated with the identified QTL for scald resistance and 1 9 1 fine mapped Rrs1 12 were used to do BLAST searches by using the IPK Barley BLAST and the best hit was used to decide the physical position of the detected QTL. Differential varieties screening 1 9 7
Atlas46 (Rrs1 + Rrs2) was resistant to all the isolates used in this study, with scores under 1 9 8
2.3, except isolate WAI2840, which was virulent on all varieties with a score of more than 1 9 9
3.5 ( QTLs for scald resistance at the seedling stage 2 1 5
There were no significant differences (using 95% confidence intervals) in resistance to the 2 1 6
four isolates WAI2466, WAI2470, WAI2471 and WAI2473 among the two parent cultivars 2 1 7
in the seedling stage screening experiments. However, there was phenotypic variation in 2 1 8
resistance to the different isolates among the DH population lines (Fig. 1 ). The disease scores 2 1 9
among DH population lines against WAI2466 showed a bimodal distribution of scores and WAI2473) at the same position ( bPb-0068 and Bmag0006, are mapped at 120.3 and 178.7 Mb on the physical map ( Fig. 2) .
The LOD scores varied from 23.8 to 38.7, explaining more than 46% of the phenotypic 2 2 9 variation ( Table 3) . The parent varieties Franklin and Yerong showed similar levels of scald resistance and 2 3 2 relative maturity across the different years (Table 4 ). There were no significant differences 2 3 3
between Franklin and Yerong for any of the traits measured across the different years (p > 2 3 4 0.01). However, the DH lines showed substantial phenotypic variation in scald resistance and 2 3 5 1 2 relative maturity ( Fig. 3 ). Average disease incidence was more severe in 2016, reaching 2 3 6 43.0%, higher than the average scald percentages in 2015 (29.0%) and 2017 (22.1%) ( Table   2 3 7 4). analysis in our field trials. Four QTLs for relative maturity were identified in the Yerong/Franklin population 2 5 0 consistently across all three years ( Fig. 4 and Table 3 ): two on chromosome 2H, one on Differential screening conducted in this study showed that the combination of major resistance genes Rrs1 and Rrs2 in the variety Atlas46 provides resistance to 10 out of 11 R. commune isolates from southern NSW. These results confirmed the effectiveness of 2 8 0 pyramiding major resistance genes into one variety in providing broad protection against R. Yerong was resistant to isolate WAI2471, and had moderate levels of resistance against 2 9 1 WAI453, WAI1245, WAI2439 and WAI2473. Further QTL analysis located a major QTL for 2 9 2 scald resistance against four different isolates at the seedling stage to chromosome 3H, which 2 9 3 originated from Yerong. This QTL-WAIYerong-3H explained more than 46% of the 2 9 4 phenotypic variation and is located at the same position of a QTL (QSc.YeFr-3H) identified 2 9 5 using adult plant data in a previous study from the same DH population in Tasmania, 2 9 6
Australia 23 . However, Li and Zhou (2011) were unable to distinguish this QTL from Yerong 2 9 7 from that of Rrs1. The complete reference barley genome sequence enabled the projection of QTLs from is located at a position of 448.4 Mb on chromosome 3H (Fig. 2) While ICARDA4 and ICARDA9 showed resistance to all isolates at seedling stage in one 3 0 9 study 7 and QTLs identified from them were mapped at 383.9 Mb on physical map 17 , the 3 1 0 identity of these resistances remain unknown.
1 1
A scald resistance QTL in a similar position to the QTL-WAIYerong-3H (Fig. 2) was suggested this resistance to be different from Rrs1 based on differential isolate reactions, but Disease escape under field conditions 3 1 9
Our study illustrates the potentially confounding effects that relative maturity can have when 3 2 0
phenotyping for disease resistance. The observed differences between genotypes may be important, we sought to identify sources of resistance that are independent of relative 3 2 6 maturity, as these QTL are more likely to be useful in breeding programs selecting for a 1 6
In this study the positions of all four QTLs for relative maturity were co-located with known 3 2 9
phenology QTLs. QTLZ-2H.1 was co-located with a QTL for heading date detected in a 3 3 0 TX9425/Franklin population 35 and this relative maturity allele was derived from Franklin.
1
This QTL is close to another flowering-time QTL, pseudo-response regulator Ppd-H1 36 , 3 3 2 which is located 7 cM away on the consensus map. QTLZ-2H.2 was located at the same All of these loci have also been implicated to be associated with resistance at seedling or QTLs for scald, leaf rust and powdery mildew resistance at a position similar to that of Ppd-
H1. QTLZ-2H.2 was located at the same position as a QTL for Fusarium head blight with the QTL QTLZ-7H detected in this study 40 . Another QTL for stem rust resistance at the 3 4 5
seedling stage was also mapped to the same position as QTLZ-7H from Yerong/Franklin 3 4 6 population 41 . experiments in this study (in 2017) , and a correlation between mature plant height and scald line, especially in genetic material with large variation for confounding traits such as 3 8 0 maturity.
3 8 1
In our study, a multiplicative mixed model was used to analyse the field data of scald In conclusion, a major QTL QTL-WAIYerong-3H providing scald resistance at both seedling 3 9 0 and adult plant growth stages was identified. Results from this study indicate that this QTL-
WAIYerong-3H is not Rrs1, as differential variety screening indicates the Rrs1 allele from Variety Resistance WAI453 WAI1245 WAI2439 WAI2463 WAI2464 WAI2466 WAI2470 WAI2471 WAI2473 WAI2636 WAI2840
Atlas Rrs2 2.4 ± 0.8 3.3 ± 0.9 2.3 ± 0.8 3.1 ± 0.8 4.0 ± 0.9 2.4 ± 0.6 2.8 ± 0.8 2.2 ± 0.8 2.9 ± 1.2 2.5 ± 0.5 3.5 ± 0.9 Atlas46 Rrs1+Rrs2 2.1 ± 0.8 2.0 ± 0.8 2.3 ± 0.8 2.2 ± 0.8 2.1 ± 0.9 1.9 ± 0.6 2.1 ± 0.9 2.0 ± 0.8 2.0 ± 0.8 1.8 ± 0.5 3.5 ± 0.8 The LOD values of each marker were plotted against the chromosomes 
